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In the inhomogeneous Universe, the cosmological conversion of dark photons into ordinary pho-
tons (and vice versa) may happen at a great number of resonance redshifts. This alters the CMB
observed energy spectrum and degree of small-scale anisotropies. We utilize results from the EAGLE
simulation to obtain the conversion probability along random line-of-sights to quantify these effects.
We then apply our results to the case where dark photons are sourced by dark matter decay and
their high-redshift conversion into ordinary photons modify the global 21 cm signal expected from
the cosmic dawn era. Concretely, we show that a significant portion of the parameter space for
which a converted population of photons in the Rayleigh-Jeans tail of the CMB explains the ab-
sorption strength observed by EDGES, is ruled out from the brightness temperature measurements
of COBE/FIRAS and the CMB anisotropy measurements of Planck and SPT.
Introduction. The observation of a global absorp-
tion feature in the sky, centered at νedg = 78 MHz in
frequency [1], might mark the start of a new era in radio-
astronomy. Albeit tentative in nature, if the result is
correct, it will be the first observation of the cosmolog-
ical era of first star formation (“cosmic dawn”). The
injection of Ly-α photons by stars re-couples the spin-
temperature of neutral hydrogen to the gas tempera-
ture, resulting in a net absorption of 21 cm photons
from the radiation bath [2]. The cosmological absorp-
tion feature at ν0 = 1.4 GHz frequency is then red-
shifted into the EDGES observational window centered
at νedg = ν0/(1 + zedg), where zedg = 17. The amplitude
of absorption, measured in terms of a brightness temper-
ature relative to the radiation background,
T21(ν, z) ∝ xHI(z)
[
1− Tγ(z)
Ts(z)
]
, (1)
is reported as T21(νedg, zedg) ' −0.5K [1], twice the value
expected from standard cosmology. In Eq. (1), xHI is the
fraction of neutral hydrogen, Ts is the spin temperature,
and Tγ is the temperature of the radiation background.
The result has triggered a fair amount of interest, as
it may point to new physics operative at or right before
the cosmic dawn. Most works have focused on lowering
the value of Ts by cooling the gas, e.g. through dark
matter (DM) baryon interactions [3–7], although these
models are often subject to severe constraints [8–14]. An
alternative pathway may be a raised temperature of the
radiation bath Tγ in the vicinity of the 21 cm wavelength
band at the redshift of formation [15–17]. In order to
explain a twofold increase in absorption of 21 cm photons
at zedg, the temperature of the radiation bath and hence
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the number-count of photons must be doubled at the
relevant frequency. Denoting by ω21 = 2piν0, and by
〈Tb〉 the average brightness temperature of extra photons
relative to the one from the CMB,
〈Tb(ω21, zedg)〉 ≈ T0(1 + zedg) (2)
must hold to explain the EDGES observed absorption
amplitude. Here, T0 is the temperature of the CMB to-
day, T0 = 2.7260(13) K [18]. The relation above holds
since the flux of CMB photons in the Rayleigh-Jeans
(RJ) low-frequency tail at zedg, ω  T0(1 + zedg), is
given by dFCMB/dωdΩ ≈ (1 + zedg)T0ω/(4pi3) and tem-
perature becomes a proxy for the number density and,
by the same token, for the flux.
Reference [17] proposes that resonant conversion of
dark photons into ordinary photons at zedg ≤ z ≤ 1700
leads to the required non-thermal excess component of
radiation in the RJ tail of the CMB. For the resonance to
occur, mA′ = mA(ne) must hold, where mA′ is the dark
photon mass and mA(ne) is the photon plasma frequency
in a plasma with free electron number density ne. The
probability of conversion at resonance, PA′→A(ω) = 1−p,
is then regulated by the dark photon-photon kinetic mix-
ing angle in vacuum, , and a scale parameterR that mea-
sures the degree of non-adiabaticity; ω is the dark photon
energy. In the present context, the resonances are non-
adiabatic p = exp[−2pi2m2A′R/(2ω)] ' 1 and, hence, for
a single resonance, PA′→A(ω) ' 2m2A′R/ω with equal
probability for A → A′ conversion. Overall, this brings
about a new connection between the physics of sub-eV
mass-scale dark states and cosmology in the intermediate
redshift interval between decoupling and reionization.1
The viability of the proposal hinges on a pre-existing
abundance and spectrum of dark photons prior to their
1 The cosmological and astrophysical viability of sub-eV dark pho-
tons has e.g. been studied in [19–27]
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2conversion. One of the simplest possibilities is to source
a population of A′ through DM decay, which for con-
creteness was chosen to be an axion-like particle with
mass ma and decay mode a → A′A′. The lifetime τa
can be much larger than the age of the Universe and still
yield a number of dark photons that is far in excess of
CMB photons in the RJ tail, allowing for the possibil-
ity PA′→A(ω)  1 and with it permissible small values
on .2 For A′ to be converted into the 21 cm frequency
band or above, the kinematic requirement on the mass
reads ma ≥ 2ω21, and in practice we investigate the range
ma ∼ 10−5 − 10−1 eV.
Further insight into the prospective parameter space
comes from inspection of the resonance condition
mA(ne) = mA′ . Up to negligible corrections from the
neutral gas, the squared plasma frequency is given by
m2A(ne) =
4piαne
me
, (3)
where ne is the free electron density, α is the fine-
structure constant and me is the electron mass. In the
cosmological context and at high redshift, ne may to
first approximation be treated as a homogeneous quan-
tity that only depends of redshift, ne = ne(z). Then,
before reionization (zreion ∼ 10) the plasma frequency is
a monotonically falling function and resonant conversion
before zedg and after zabs = 1700—before which photons
would be reabsorbed by inverse Bremsstrahlung [28]—
may be achieved for mA′ ∼ 10−14 − 10−9 eV. As shown
in Fig. 1, during this period, the average plasma fre-
quency scans through those values (green box) and the
electron number density varies in the range ne,res ∈
[3.5 · 10−7, 910] cm−3.
It is the purpose of this letter to point out that similar
values of electron density reoccur in the late universe at
z . 6, after reionization and when cosmological struc-
tures have formed. This gives way to additional sources
of creating extra photons relative to the CMB. It is illus-
trated in Fig. 1 where for z < 6 we plot the plasma
frequency based on the local density of free electrons
along a particular line-of-sight (LOS). The plot is made
by extracting ne from the EAGLE simulation [29, 30],
the procedure of which will be discussed in a companion
paper [31]. As can be seen, mA(z) becomes highly non-
monotonic at low redshift and, therefore, there may be
many points along a typical LOS where the resonant con-
dition is satisfied (even if the cosmological average value
of ne is very different from the resonant value ne,res).
Conversion with inhomogeneities. A late time
converted photon flux may be detected against back-
grounds in two different regimes: (i) in the range
ne,res ∈ [10−9, 10−1] cm−3 the resonant condition is sat-
isfied many times in random directions. In this case,
2 Any appreciable strength of a direct photon decay mode a→ AA
is severely constrained by stellar energy loss arguments [17].
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FIG. 1. Plasma frequency as a function of redshift. For
z > 20, we use the average electron number density calculated
from RECFAST [32, 33], for z < 6 we show the fluctuating
electron number density along a random line of sight extracted
from the EAGLE simulation; the thick red line is the average
density, and the dashed lines show the range in redshift asso-
ciated with hydrogen reionization [34, 35]. In the gray area,
z > 1700, converted photons are reabsorbed on matter. The
blue shaded region shows the interval 20 > z > 15, and the
green shaded region the prospective range of mA relevant to
EDGES. The intersected inhomogeneities have typically not
broken away from the cosmological expansion as can be seen
by their trend with redshift.
we deal with an all-sky signal, which, however, is highly
anisotropic as it correlates with large scale structure and
accordingly has an imprint on the statistical properties
of the CMB. (ii) For larger values of ne,res, the resonant
condition may be satisfied only in the centers of galaxies
and galaxy clusters where the density of free electrons
attains sufficiently large values that are not reached in
the intergalactic medium. In this case, each such central
region of resonant conversion would look like a localized
source of the signal that can be observed by focused ob-
servations with high-resolution radio telescopes and be
identified by their spectral properties. When choosing a
random LOS on the sky, however, this second class of
source is less likely to be met, and in the following we
focus our attention on possibility (i).
Consider a dark photon that was created from the de-
cay of dark matter at redshift zdec with the energy ma/2.
It propagates towards Earth and at some redshift, zres
resonantly converts into a normal photon. The observed
flux of such photons FA may be written as
dFA
dωdΩ
(ω) =
dF no conv.A′
dωdΩ
(ω)P tot(ω), (4)
where F no conv.A′ is the flux of dark photons in the case of
no conversion and P tot is the total probability that dark
photons are converted into photons (and subsequently
survive) while they propagate. In the limit that the
DM lifetime is much larger than the age of the Universe,
τa/t0  1, the relativistic dark photon flux F no conv.A′ may
3be written as [17, 36]
dF no conv.A′
dωdΩ
(ω) =
Γa→A′A′
2piH(zdec)ma
ρDM(zdec)
ω(1 + zdec)3
θ
(ma
2
− ω
)
,
(5)
where ρDM(z) is the DM density along the line of sight
and θ is the step function; we keep the dependence on
the LOS direction implicit in our formulas. A central
aspect of this work is that we take into account the
inhomogeneous distribution of DM for z < zreion, i.e.
ρDM = ρ¯DM + δρDM where ρ¯DM is the cosmological av-
erage DM density and δρDM are the spatial flucutations
around the mean. Finally, H(zdec) is the Hubble rate
at decay. Note that in the 2-body decay there is a
unique association between energy and redshift of decay,
zdec(ω) = ma/(2ω)− 1.
The total conversion probability P tot(ω) has two
pieces, by assumption a guaranteed contribution at z >
zedg that modifies the cosmological 21 cm prediction, and
a low redshift piece that amount to a (typically large)
number of resonances at “positions” zi along the LOS
for when ne(zi) = ne,res is met,
P tot(ω) =
pi2m2A′
ω
[
Redg
1 + zres
θ(zdec(ω)− zres)
+
∑
i
Ri
1 + zi
θ(zdec(ω)− zi)
]
. (6)
It is the purpose of this paper to include the latter part
in a way that is informed by cosmological N-body simu-
lation and study its consequences. The scale parameter
is given by [37, 38]
Ri =
∣∣∣∣d lnned`
∣∣∣∣−1
`=`(zi)
, (7)
where ` is a distance traveled by a photon along the line
of sight.
An extra flux of photons at a particular frequency dis-
torts the blackbody spectrum of CMB. Below, we will use
the precision measurements by the COBE/FIRAS instru-
ment [39] to constrain these deviations. In addition to an
overall change in flux, fluctuations in the signal will be
introduced by the variation of ne(z) and ρDM(z) along
random LOS and according to their statistical properties
over the sky. This will imprint additional anisotropies
of photons, and in particular in the CMB observational
frequency window.
As in both cases we are looking for the intersections
of ne(z) with ne,res, the details of such LOS distribu-
tions are important. For this purpose, we use the results
obtained from numerical simulations in a companion pa-
per [31]. There, 23 snapshots from z = 0 to 6 of comoving
length 100 cMpc from the EAGLE simulation [29, 30]
with a resolution up to 1 ckpc in the dense regions is
used. Then ne(z) is extracted from those sample volumes
with a resolution 0.25 cMpc and extrapolated in between
those redshift anchor points. Resonances at high redshift
z ≥ zedg are expected to be captured by the conversion
probability computed from the single resonance given by
〈mA(z)〉 = mA′ [17] and which we follow here; the valid-
ity of this assumption will be further studied in [31]. In
addition, the DM density distribution ρDM(z) along ran-
dom LOS was extracted from 37 snapshots from z = 0
to 125.
EDGES normalization. In order to fix the normal-
ization of the signal [proportional to the particle physics
parameters 2Γa→A′A′ , see Eq. (4)] we impose (2), i.e.
we require that the average number of converted photons
with energy ω21 at redshift zedg is approximately equal
to the number of CMB photons at that energy. Mov-
ing away from the RJ limit, it is beneficial to phrase the
condition (2) in terms of photon fluxes. One may write,
dFA
dωdΩ
(ω) =
dFA
dωdΩ (ω)〈
dFA
dωdΩ (ω21, zedg)
〉 dFCMB
dωdΩ
(ω21, zedg). (8)
The ratio on the right hand side may be obtained by gen-
eralizing the equations (4)-(7) to the conversion between
zdec and zedg (rather than between zdec and z = 0). To
this end note that the blue-shifted dark photon spectrum
at redshift zedg reads,
dF no conv.A′
dωdΩ
(ω21, zedg) = (1+zedg)
2 dF
no conv.
A′
dωdΩ
(ω′21, z = 0) ,
(9)
where ω′21 = ω21/(1 + zedg). From there we may rewrite
the flux (8) as,
dFA
dωdΩ
(ω) =
ωT0
4pi3
×RH ×RDM ×Rconv, (10)
where
RH = ω
′ 3
21
ω3
H[zdec(ω
′
21)]
H[zdec(ω)]
, (11a)
RDM = [1 + zdec(ω
′
21)]
3
[1 + zdec(ω)]3
ρDM[zdec(ω)]
〈ρDM[zdec(ω′21)]〉
=
ρDM[zdec(ω)]
〈ρDM[zdec(ω)]〉 , (11b)
Rconv =
 ∑
zi<zdec(ω)
Ri
1 + zi
/( Redg
1 + zres
)
. (11c)
Above, RH is a normalization factor fixed by the re-
quirement that the model explains the EDGES-observed
absorption strength, RDM is the ratio of DM densities at
redshift zdec(ω) and the average DM density at the same
redshift, and Rconv is the ratio of conversion probabili-
ties with an overall energy dependence factored out. The
average of RDM is equal to 1, as follows from its defini-
tion. Its variation between different LOS can be sizable
especially for small zdec, as shown in the right panel of
Fig. 2 (see also [31] for details). The quantity Rconv is
a measure for the low-z contributions that get added to
4the photon flux. At a given energy ω, the primary de-
pendence of Rconv is on ma: the larger the DM mass is,
the larger zdec becomes and the more resonances can be
swept up. In the left panel of Fig. 2 we show Rconv as a
function of the dark photon mass for 3 random LOS as
well as its standard deviation (black error bars) obtained
from 100 random LOS; for the latter, we have checked
that the procedure converged.
Blackbody distortions. COBE/FIRAS [39] mea-
sured the spectral radiance Bω(ω) of the cosmological
signal in the frequency range 68 to 637 GHz with a pre-
cision of 10−4 and concordant with the Planck blackbody
law. In the considered scenario there are two effects that
modify the expected CMB spectrum. The first one is
the conversion of dark photons that were created from
DM decays. The second effect is a conversion of CMB
photons to dark photons. Overall, we may write this as
Bω(ω) = B
CMB
ω (ω)[1− P tot(ω)] +BA
′→A
ω (ω), (12)
where BCMBω is the spectral radiance of the unmodified
CMB, P tot(ω) is given by (6) with the sum over all
zi ≤ 1700, and BA′→Aω (ω) accounts for the extra pho-
tons created,
BA
′→A
ω (ω) =
ω2T0
4pi3
RHRDMRconv. (13)
To compare these signals with the all-sky COBE/FIRAS
data, we average over 100 random LOS in our simulation.
In Fig. 3 we show an exemplary signal for ma =
3×10−3 eV and mA′ = 3.8×10−13 eV. The spectral radi-
ance of the unmodified CMB (dark photon flux) is shown
by the solid blue (gray) line. The red dashed (dotted) line
shows the photon flux generated from dark photon con-
version accounting for all resonances (the high redshift
resonance at z ≥ zedg). The dashed green line shows the
dark photon contribution gained from converting CMB
photons. As one can see, the number of photons lost
through A→ A′ conversion is much smaller than the gain
through A′ → A. However, once the dark photon mass
becomes large enough (above 10−11 eV), A → A′ con-
version also gives an important contribution, and, more
generally, A→ A′ conversion itself can place an EDGES-
independent bound on the presence of kinetically mixed
dark photons [31]. In producing Fig. 3, when the con-
version probability reaches unity in (6), we take an arbi-
trary cut and set it to 0.5. This explains the kinks below
0.3 GHz. A more detailed treatment is inconsequential
for the purpose of this work.
In order to obtain a constraint in the ma-mA′ param-
eter space, we use (12) to fit the data of COBE/FIRAS
where we also allow the temperature of the CMB, T0,
to float. (We note though that its value remains within
the standard errors of the original fit [39].) Figure 4
shows an example of an excluded parameter point against
the residuals of COBE/FIRAS data; the fit of BCMBω
has been subtracted for making the figure. Figure 5
shows the excluded parameter region with 2σ confi-
dence level by the shaded area (red). The dashed red
line shows the minimum DM mass that can be probed
by COBE/FIRAS. Below that line, injected photons
fall below the longest wavelength bin. Conversely, the
constraint vanishes for mA′ & 10−11 eV. Regions of
higher electron densities are associated with small struc-
tures that are first typically not met through a random
LOS approach and secondly not necessarily resolved be-
cause of averaging the LOS over a cross-sectional area of
0.25Mpc× 0.025 Mpc. A dedicated study of such “point
sources” we leave for future work.
Anisotropies. As alluded to above, fluctuations in
the signal flux are introduced by the variations of ne
and ρDM along the LOS. In order to compute them, we
now use the EAGLES-inferred ne and ρDM distributions
to build a statistical sample by choosing random LOS
through the sample volume. Whereas such process masks
any spatial correlations, it will still allow us to derive the
overall variance in the expected signal. We find that the
dispersion in the signal flux is significant and can be in
excess of a few percent. This means that such a signal,
provided that it is strong enough in absolute flux, can be
excluded by any data on anisotropies, in particular from
CMB measurements.
Like in the case of blackbody distortions of the CMB
above, the constraining power in terms of mass of the
progenitor will only be as good as the available frequency
bands of the observed maps. For example, the cosmolog-
ical 21 cm signal is sensitive to radiation in the ν0 =
1.4 GHz band requiring ma ≥ 2ω21 ' 12µeV, but the
lowest frequency band of Planck is νlow-band = 30 GHz.
Therefore, using Planck data, the scenario where dark
photons explain EDGES can only be constrained for DM
mass ma ≥ 2piνlow-band = 250µeV.
Let us now estimate fluctuations in the flux induced
by dark photon conversion. In Eq. (10), both quantities
RDM and Rconv depend on the LOS and can fluctuate,
δ
(
dFA
dωdΩ
(ω)
)
=
ωT0
4pi3
×RH × δ (RDMRconv) , (14)
where δX2 = 〈(X − 〈X〉)2〉 is the variance for different
directions on the sky, along different lines of sight. Note
that the individual fluctuations δRDM and δRconv are
largely uncorrelated when considered in the cosmological
context: dark photons are sourced and converted at spa-
tially well separated sites.3 We therefore evaluate both
quantities separately and use the formula for the variance
of the product of two independent random variablesRDM
and Rconv.
The additional photons that are converted can lead to
anisotropies that are in excess of the anisotropies as seen
in the CMB. An overall measure of the latter is the all-
sky variance of the CMB temperature, δT 2CMB, which is
3 This is not true when considering the line-fluxes of individual
systems, such as DM decay and dark photon conversion in a
nearby cluster. Observational signatures of individual systems
will be considered in a dedicated work.
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FIG. 2. Left panel: Rconv for 3 LOS (colored lines) as a function of mA′ for zdec = 20. The black dots with error bars are
calculated using 100 random LOS and represent the fluctuations δRconv that enter the calculation of the anisotropy in Eq. (14).
Right panel: Variation δRDM of RDM as a function of zdec, calculated using 2900 random LOS from simulation; see [31].
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FIG. 3. Spectral radiance of the unmodified CMB (blue line)
and dark photons before conversion (gray line). The addi-
tional signal from converted dark photons, averaged over the
sky is shown by the red dashed line, and converted CMB pho-
tons (lost into dark photons) are depicted by the green dashed
line. The red dotted line shows the high-redshift contribution
of the flux converted at z > zedg, doubling the number of pho-
tons of 21 cm wavelength at zedg. We fix DM and dark photon
masses to ma = 3×10−3 eV and mA′ = 3.8×10−13 eV. Black
points are data from COBE/FIRAS [39].
obtained from the CMB temperature power spectrum,
δT 2CMB =
∑
`
2`+ 1
4pi
C`. (15)
For example, using C` data from the Planck Legacy
Archive [40], we calculate the temperature fluctuations
as,
δTCMB ≈ 1.1×10−4 K ⇒ δTCMB
T0
≈ 4×10−5. (16)
Concordant values are obtained when using the power
spectrum for the Planck 70 GHz channel only [41] and
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FIG. 4. Residuals of COBE/FIRAS data ∆Bν against the
best fit Planck spectrum normalized by experimental errors
σBν (blue points) and an example of a 2σ excluded signal (red
line) for ma = 3.8× 10−2 eV and mA′ = 1.8× 10−11 eV.
for SPT using the 150 GHz band [42]. Using temperature
fluctuations we can calculate the variance in the CMB
photon flux as
δ
(
dFCMB
dωdΩ
)
= d
(
dFCMB
dωdΩ
)
/dT × δTCMB, (17)
where we use the blackbody spectrum to calculate the
derivative on the right-hand side.
As is well known, (15) approximately implies that the
contribution to δT 2CMB per d ln ` is Dl = `(`+ 1)/(2pi)Cl,
i.e. given by the angular power spectrum. When putting
a constraint from CMB temperature anisotropies, one
needs to take into account the angular resolution of the
instrument. For example, for Planck (SPT) at frequen-
cies 70(150) GHz, the highest reported multipole was
`max ≈ 1250(11000) translating into an angular scale of
610-13 10-12 10-11 10-10 10-910-5
10-4
0.001
0.010
mA' [eV]
m
a
[eV]
FIG. 5. The red region is excluded at the 2σ level and above.
from COBE/FIRAS data. The dashed red line shows the min-
imal DM mass that COBE/FIRAS can probe. In the region
inside the blue line, the EDGES anomaly can be explained.
θmin ≈ pi/`max ∼ 10−3(10−4). Whereas dark photon
conversion will imprint anisotropies on a broad range of
angular scales, unless the (cosmological) conversion hap-
pens nearby, the feature is expected to largely appear on
small scales. For example, the Sunyaev-Zel’dovich (SZ)
effect by hot intracluster gas is typically detectable as
arcminute-scale CMB temperature fluctuations. In turn,
dark photon conversion associated with SZ clusters may
also imprint itself on similar angular scales 10−3 − 10−4.
It is important to note, however, that most of the inter-
vening structure met along random LOS is not in col-
lapsed structures, as it is less likely to intersect (clusters
of) galaxies. This can also be seen in the redshift scaling
of the inhomogeneities shown in Fig. 1 which follow the
(1 + z)3 trend; collapsed structures break away from the
Hubble expansion.
The simplicity of using (15) as a criterion to set a con-
straint is that one does not need to address the question
of angular scale, as long as the simulation contributes
features with ` . `max. Inherent in our approach of mod-
eling the signal, however, is that the “width” of a random
LOS may fall below the angular resolution of the instru-
ment. This means that more and more of our simulated
LOS would contribute to a single “angular pixel” of the
instrument. In other words, an averaging procedure is
necessary where the number of LOS is such that a pixel
is filled, washing out part of the anisotropy; in addition,
this approach is computationally more expensive. Here,
to take this into account we estimate the LOS number
NLOS(zdec) with a cross section 25 ckpc × 250 ckpc per
LOS [31] that is needed to fill a pixel of Planck (SPT). We
assume that fluxes given by each LOS are independent
and divide the standard deviation of the flux calculated
by Eq. (14) by a factor
√
NLOS(zdec). This is expected
to approximate the full simulation well as we confirm a
scaling of the anisotropy with 1/
√
NLOS(zdec) in our nu-
merical simulation.
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FIG. 6. Shaded regions depict the area in the ma − mA′
parameter space where the temperature anisotropy induced
by A′ → A conversion is expected to be larger than (15)
at one of the Planck frequencies at 70 GHz (red color) and
one of the SPT frequencies at 150 GHz (green color). We
estimate the anisotropy from (14) with the variance extracted
from 100 random LOS. As the LOS number NLOS(z) that can
contribute to one “angular pixel” of the instrument (with a
minimum angle of 10−3 for Planck and 10−4 for SPT) can be
larger, at every redshift we penalise the contribution to the
signal anisotropy by dividing by
√
NLOS(z). This estimate
demonstrates that Planck and SPT can exclude a significant
part of the parameter space when the proposal of [17] is used
to explain the EDGES anomaly (inside the blue line).
The result of this procedure is shown in Fig. 6. Using
the all-sky variance δT/T0 from (16) as a criterion, shows
that Planck and SPT are expected to exclude a significant
part of the parameter space where parameters are fixed to
the EDGES absorption strength (region inside the blue
line). For the constraint we evaluate (14) by picking two
exemplary frequencies, 70 GHz (Planck) and 150 GHz
(SPT) at which the CMB is well observed. For small
values of DM mass, corresponding to low zdec(70 GHz)
or zdec(150 GHz), the exclusion is driven by DM den-
sity fluctuations, δRDM, while for large DM mass the
anisotropy induced by δRconv becomes important. We
expect that a more elaborate treatment that takes into
account correlations between near LOS together with an
angle-resolved version of (16) [with summation restricted
over a range of `-modes] will yield a greater strength of
exclusion. A detailed study of this will be presented else-
where.
Conclusions and outlook. In this work we take
the first step towards a realistic modeling of dark pho-
ton conversion in the low-redshift inhomogeneous Uni-
verse. Using the EAGLE simulation we extract the elec-
tron number density along random LOS, building a rep-
resentative sample of in-flight probabilities for resonant
photon-dark photon conversion (in both directions). We
demonstrate the effect and importance of late time dark
photon conversion by studying ensuing constraints on the
proposed model [17] for explaining the EDGES observed
7absorption strength of 21 cm radiation at redshift zedg.
Concretely, we fix the product of squared kinetic mixing
parameter and the decay rate of dark matter into dark
photons such, that a high-redshift resonance at z > zegd
yields an extra photon population at the hydrogen hy-
perfine transition energy at zedg equal to the number
of CMB photons at that redshift. This resonance con-
dition requires the dark photon mass to be in the range
10−14 . mA′/eV . 10−9. We then find that the prospec-
tive region mA′ . 10−11 eV is largely excluded by late-
time A′ → A conversion after reionization once the pro-
genitor mass is high enough to spill photons into the first
COBE/FIRAS bin, ma & 6 × 10−4 eV. We find that
the enhancement in the cosmological flux relative to the
high-redshift resonance is typically significant, and can
be up to three orders of magnitude.
In a second part we then advocate for using anisotropy
measurements as a diagnostic tool to constrain late-time
dark photon conversion. Additional temperature fluctu-
ations are imprinted through variations of electron and
dark matter densities along the line of sight. These two
contributions are a priori uncorrelated when decay- and
conversion-redshift differ. We find that either contribu-
tion can imply a variation of δT/T0 in excess of observed
CMB anisotropies. In the concretely studied setup, the
region of parameter space that is disfavored through
anisotropies is similar to the one excluded by the absolute
flux measurements as discussed above. However, study-
ing anisotropies in the signal makes the method amenable
to be applied to a larger set of observations as an absolute
calibration of the instrument is not required.
There are several directions for improvement and fur-
ther investigations:
- More precise constraints from CMB anisotropies
can be derived by taking a LOS approach that in-
cludes correlations that respect the finite angular
resolution of the instruments. To this end, note
that a sample volume of 100 cMpc should in prin-
ciple allow for this as its minimum angular size on
the sky is 0.01 for the studied redshift range, well
above the resolution of Planck and SPT. In addi-
tion, one can better constrain features imprinted
on certain angular scales by using information of
the power spectrum that is reflective of the angu-
lar size (rather than using the all-sky variance, as
we conservatively did in this work.)
- The highest electron densities that are resolved
through our averaging procedure along LOS over
a transverse area of 0.25 cMpc× 0.025 cMpc are in
the ballpark of 10−1 cm−3, that is close the densi-
ties associated with the centers of clusters of galax-
ies (although we typically do not intersect them.)
Hence, to test the region mA′ & 10−11 eV, we need
to concentrate on dense, compact systems such as
individual galaxies and our (random) LOS should
be replaced by fine-grained versions with directions
that intersect their central regions. In turn, dedi-
cated observations of those regions rather than all-
sky data like Planck (and the corresponding high-
resolution simulations) can be used.
- If the signal is present at 70 GHz, it will also be
present at lower frequencies, e.g. in the Planck LFI
instruments’ 30 GHz and 44 GHz bands. More-
over, according to Eq. (14) the overall amplitude of
anisotropy will be enhanced due to the factor RH
which increases with decreasing frequency. A cross-
correlation of signals will help to distinguish it from
foregrounds that are prevalent in low-frequency
maps. Moreover, the observations are not con-
strained to be showing the CMB. Lower global fre-
quency maps—albeit foreground dominated—exist
and can be exploited in this context. In addition,
the measurements of extra-Galactic sky tempera-
ture at frequencies below COBE/FIRAS can also
be used to constrain excess flux contributions, most
notably by ARCADE-II starting from 3 GHz [43],
or the Haslam map at 480 MHz [44].
- In this paper we restrict the study of inhomoge-
neous dark photon conversion to z ≤ 6. Thereby
we avoid the epoch of hydrogen reionization whose
details remain uncertain. It is clear, however, that
the redshift interval centered around zreion can be a
substantial source of additional anisotropies due to
the patchy nature of the reionization process (see
e.g. [45]), warranting a dedicated study.
- Finally, it is important to note that even in the ab-
sence of a pre-existing dark photon flux, photons
may convert to dark states whenever the resonance
condition is met. This will likewise imprint ad-
ditional anisotropies onto the CMB and generally
lead to flux modifications, implying constraints in
the -mA′ parameter space that are independent of
the dark matter embedding. Hence our study has
a broader underpinning, as the LOS photon “opti-
cal depth” against conversion can be important in
more general contexts.
These issues will in part be addressed in an upcom-
ing companion paper [31] as well as in future work. The
study of dark photons and their conversion in the cos-
mological context has by now a long history, but the
role of inhomogeneities is only starting to be addressed.
This work takes a first step showing that because the
resonance condition can be simultaneously met at high-
and multiple low-redshift locations, the latter must be
included in any phenomenological study of cosmological
dark photon propagation.
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8Note added : When this paper was at the final stage of
its preparation, [46] appeared where a similar approach
to describe late time photon-dark photon conversion was
developed independently. The main difference between
the two methods is that in the current paper we use sim-
ulated LOS, while in [46] an average probability distribu-
tion function (also extracted from numerical simulations)
is used.
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